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In situ hybridization revealed that GDNF mRNA in the mid- and hindgut mesenchyme of embryonic mice was minimal at
E10.5 but was rapidly elevated at all gut regions after E11, but with a slight delay (0.5 days) in the hindgut. GDNF mRNA
expression was minimal in the mesentery and in the pharyngeal and pelvic mesenchyme adjacent to the gut. To examine
the effect of GDNF on enteric neural crest-derived cells, segments of E11.5 mouse hindgut containing crest-derived cells
only at the rostral ends were attached to filter paper supports and grown in catenary organ culture. With GDNF (100 ng/ml)
in the culture medium, threefold fewer neurons developed in the gut explants and fivefold more neurons were present on
the filter paper outside the gut explants, compared to controls. Thus, in controls, crest-derived cells colonized the entire
explant and differentiated into neurons, whereas in the presence of exogenous GDNF, most crest-derived cells migrated out
of the gut explant. This is consistent with GDNF acting as a chemoattractant. To test this idea, explants of esophagus,
midgut, superior cervical ganglia, paravertebral sympathetic chain ganglia, or dorsal root ganglia from E11.5–E12.5 mice
were grown on collagen gels with a GDNF-impregnated agarose bead on one side and a control bead on the opposite side.
Migrating neural cells and neurites from the esophagus and midgut accumulated around the GDNF-impregnated beads, but
neural cells in other tissues showed little or no chemotactic response to GDNF, although all showed GDNF-receptor (Ret
and GFRa1) immunoreactivity. We conclude that GDNF may promote the migration of crest cells throughout the
gastrointestinal tract, prevent them from straying out of the gut (into the mesentery and pharyngeal and pelvic tissues), and
promote directed axon outgrowth. © 2001 Academic Press
Key Words: neural crest; migration; sympathetic; dorsal root ganglion; axon growth; enteric nervous system;
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aINTRODUCTION
Neurons and glial cells of the vertebrate enteric nervous
system arise from neural crest cells. Vagal level (adjacent to
somites 1–7) neural crest cells enter the foregut and then
migrate rostrocaudally within the gut mesenchyme to colo-
nize the entire gastrointestinal tract (Yntema and Ham-
mond, 1954). Sacral level neural crest cells also contribute
some enteric neurons and glial cells to the postumbilical
gut (Le Douarin and Teillet, 1973; Burns and Le Douarin,
1998).
Glial-derived neurotrophic factor (GDNF) is a member of
the transforming growth factor-b superfamily (for review
1 To whom correspondence should be addressed. Fax: 613 9348
1391. E-mail: newgreen@cryptic.rch.unimelb.edu.au.
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.see Airaksinen et al., 1999). The receptor complex for
GDNF consists of the receptor tyrosine kinase, Ret, and a
ligand-binding component, GFRa1. Ret and GFRa1 are
xpressed by enteric neural crest-derived cells (see Table 2
or references), and GDNF is expressed by the gut mesen-
hyme (Trupp et al., 1995; Hellmich et al., 1996; Moore et
l., 1996; Suvanto et al., 1996). The GDNF-Ret/GFRa1
signaling pathway is crucial for the development of the
enteric nervous system. Inactivation of the genes encoding
GDNF, or either of its receptor components Ret or GFRa1,
results in an absence of enteric neurons caudal to the
stomach, apart from a small number of cells in the distal
rectum (Schuchardt et al., 1994; Moore et al., 1996; Pichel
et al., 1996; Sanchez et al., 1996; Cacalano et al., 1998;
Enomoto et al., 1998; Tomac et al., 2000). GDNF promotes
the survival, proliferation, and differentiation of enteric
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504 Young et al.neuron precursors isolated from the embryonic gut (Chala-
zonitis et al., 1998; Hearn et al., 1998; Heuckeroth et al.,
1998; Taraviras et al., 1999; Wu et al., 1999). Together these
ata have been interpreted to indicate that the role of
DNF in development of the enteric nervous system is to
nsure that sufficient cells of an appropriate lineage are
vailable to populate the gut.
On the basis of heterotopic transplants of neural crest
etween vagal and trunk levels, Le Douarin and Teillet
1974) proposed that the developing intestine could specifi-
ally attract migrating vagal neural crest-derived cells.
lthough a number of transcription factors (Southard-
mith et al., 1998; Kapur et al., 1999; Pattyn et al., 1999)
and the GDNF signaling pathway have been shown to be
essential for the early survival and proliferation of vagal
crest-derived cells, molecules within the gut that directly
influence the migration process have yet to be identified.
In this study using mouse embryonic cells, we show that
GDNF has a chemoattractive effect on the migration and
neurite outgrowth of enteric neural crest-derived cells, but
has little or no chemotactic effect on crest-derived sympa-
thetic or dorsal root ganglia at similar embryonic stages.
Hence, in addition to playing a key role in the proliferation,
survival, and differentiation of enteric neuron precursors as
described previously (see Pachnis et al., 1998; Taraviras and
Pachnis, 1999), GDNF expressed by the mesenchymal cells
of the gut wall may also be important for driving neural
crest cell migration along the gut, in preventing them from
straying into the mesentery and other nearby tissues, and in
promoting axon outgrowth.
MATERIALS AND METHODS
All experiments were performed on embryonic BALB/c mice.
The day at which a vaginal plug was found was designated E0.5.
Pregnant mothers were killed by cervical dislocation, and the
embryos were removed under aseptic conditions. Embryos were
then precisely staged using the staging system of Theiler (1989) and
described as nominal embryonic days (E).
In situ hybridization. The gastrointestinal tract from E10.5–
14.5 mice was fixed for 48 h in 4% paraformaldehyde in 0.1 M
hosphate buffer. Whole-mount in situ hybridization of dissected
ut tissue was performed as described previously (Thomas et al.,
998). Digoxigenin-labeled antisense mGDNF ribobrobes were
repared according to the manufacturer’s instructions (Boehringer
annheim) using a 320-bp cDNA clone (kind gift from Dr. Heiner
estphal, NIH, Bethesda, MD). The sense GDNF probe was
enerated by digestion with FokI and transcription with T7 RNA
olymerase. Some whole-mount preparations were subsequently
mbedded in resin and 3-mm sections cut as described previously
(Young et al., 1998). For in situ hybridization on sections, embryos
ere fixed in 4% paraformaldehyde in phosphate-buffered saline
PBS) overnight at 4°C. After cryoprotection in 20% sucrose/PBS at
°C, embryos were embedded in OCT compound, and 16-mm
sections were prepared using a cryostat. For hybridization, approxi-
mately 15 ng of probe/slide was denatured at 70°C for 5 min in a
buffer containing 50% formamide, 10% dextran sulfate, 1 mg/ml
rRNA, 13 Denhardt’s 200 mM NaCl, 9 mM Tris–HCl (pH 7.5), 1 s
Copyright © 2001 by Academic Press. All rightmM Tris base, 5 mM NaH2PO4, 5 mM Na2HPO4, 50 mM EDTA
and incubated overnight at 60°C under a coverslip. Following
hybridization, the coverslips were removed and the sections
washed in 13 SSC, 50% formamide at 65°C for 2 3 30 min. After
equilibration for 2 3 30 min in MABT (100 mM maleic acid, 150
mM NaCl, 0.1% Tween, pH 7.5), the sections were blocked for 1 h
in 20% blocking agent (Boehringer Mannheim), 20% heat-
inactivated sheep serum in MABT and incubated overnight in the
presence of anti-DIG Fab fragments (1:4000 dilution; Boehringer
Mannheim) in the same buffer. Unbound antibody was removed by
washing for 5 3 20 min in MABT and, following equilibration in
NTM (100 mM NaCl, 50 mM MgCl2, 100 mM Tris, pH 9.5), the
sections were stained for 24 h in BCIP/NBT staining buffer (Moss,
Inc.). After staining, sections were washed in PBS and mounted
using Aquamount (BDH).
Catenary (suspended) organ-cultured gut. Segments of hind-
gut from the ileocaecal border to the distal hindgut were removed
from E11.5 mice and set up in catenary organ culture as described
previously (Hearn et al., 1999). At E11.5, neural crest-derived cells
re present in the caecum and slightly caudal to the caecum, but
hey are not present in the middle or caudal regions of the hindgut
Kapur et al., 1992; Young et al., 1998); thus the explants contained
eural crest-derived cells only at the rostral end when first set up in
ulture (Fig. 2A). The explants were suspended across a “V” cut
nto a 5 3 5-mm piece of Millipore filter paper, and the orientation
f the explant was indicated by removing the corner of the filter
aper adjacent to the caudal end. The filter papers with the
ttached gut segments were placed across Terasaki wells in 20 ml of
DMEM (Trace Scientific Ltd., Noble Park, VIC, Australia) with
10% fetal bovine serum (Trace Scientific Ltd). In experimental
cultures, the culture medium also contained 100 ng/ml GDNF
(PeproTech, Rocky Hill, NJ). The cultures were maintained in a 5%
CO2 environment at 37°C for 3 days with a half medium change at
ay 2. They were then fixed in 4% paraformaldehyde in 0.1 M
hosphate buffer and processed for immunohistochemistry using
n antibody to the neuron-specific protein, PGP9.5 (Table 1).
The number of neurons on the filter paper and within the gut
xplants was quantified in six control and six explants grown in the
resence of GDNF. The total number of neurons on the filter paper
utside each explant was counted. A digital CCD camera (Image-
oint, Photometrics Ltd., Tucson, AZ) attached to a fluorescence
icroscope (Zeiss Axioskop) was used to take images of the entire
iece of filter paper plus gut explant using a 320 objective lens. A
ontage was then made of the digital images and the total number
f PGP9.51 neurons present on the filter paper was counted. It was
ot possible to count the total number of neurons within each
xplant as the neurons along the bottom and sides of the gut tube
ould not be clearly visualized because of the tubular shape of the
ut explants. Therefore, the density of neurons along the top
urface of the gut explants was determined. Digital images were
aken of the top surface of the entire gut explant. Montages were
ade of the images and the number of neurons was counted. For
ach explant, the area within which the neurons were counted was
etermined using image analysis software (Sigmascan Pro 4.0), and
hen the neuronal densities were calculated.
To examine whether GDNF has a direct effect on the mesen-
hyme, the caudal two-thirds of E11–E11.5 postcaecal hindgut,
hich lack neural crest-derived cells, were set up in catenary organ
ulture with or without GDNF (100 ng/ml) added to the culture
edium. After 3 days of culture, the explants were fixed and
rocessed for PGP9.5 immunohistochemistry to confirm an ab-
ence of neural crest-derived cells in the hindgut segments at the
s of reproduction in any form reserved.
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505GDNF Is a Chemoattractant for Enteric Neural Cellstime of removal from the embryo. The hindgut cultures were then
incubated in the nuclear dye DAPI (Sigma; 10 mg/ml in PBS), and
the total number of nuclei on the filter paper outside the explants
was counted.
Explants grown on collagen gel. Collagen-coated culture
dishes were prepared by restoring acidic collagen solution (4
mg/ml; Boehringer Mannheim, Germany) to normal osmolality
with 53 DMEM and normal pH with 200 mM NaOH, on ice. This
was diluted to 1 mg/ml with culture medium (see above) and 0.6 ml
was spread on cold 35-mm-diameter petri dishes (Nunc, Denmark).
This was gelled at 37°C for at least 30 min before use. For dorsal
root ganglion cultures, NGF (Boehringer Mannheim) was included
at 100 ng/ml in the collagen gel.
The esophagus, midgut (both of which contain neural crest-
derived cells), lumbar-level dorsal root ganglia, and lumbar-level
dorsal aorta with the tissue immediately adjacent to it (containing
the paravertebral sympathetic chain ganglia) were dissected from
E11.5 mice, and the superior cervical ganglion was dissected from
E12.5 mice. Transverse slices, about 500 mm thick, of the gut
segments and the dorsal aorta and its adjacent tissue were cut and
transferred by pipette with 1 ml of culture medium onto the
collagen gel surface. Individual dorsal root ganglia and superior
cervical ganglia were also placed on collagen gels. The neural tube
plus somites from the level of somite 1 to 6 (vagal level) was
dissected from 6- to 11-somite stage (E8.5–9) embryos and placed on
collagen gels. A GDNF-impregnated agarose bead (Cibacron,
Sigma; 80–110 mm diameter) was placed on one side of each tissue
and a control bead placed an equal distance from the tissue
diametrically opposite to the GDNF-impregnated bead. For all
tissues except the esophagus, the beads were approximately 600–
800 mm from the edge of the tissue; for the esophagus explants, the
beads were placed 300–500 mm from the edge of the explanted
issue. The GDNF-impregnated agarose beads were prepared by
ashing in PBS twice and then adding 2 ml of bead suspension to 2
ml of a 10 mg/ml solution of GDNF and leaving the combination
ogether for at least 1 h at 4°C.
The cultures were maintained in a 5% CO2 environment at 37°C
TABLE 1
Antibodies Used in This Study
Primary antibody Source Concentration
abbit anti-PGP9.5 Ultraclone, Isle of
Wight
1:1000
Rabbit anti-Ret plus
Mouse anti-GFRa1
IBL, Tokyo, Japan
Transduction
Laboratories,
Lexington, KY
1:50
1:200
abbit anti-PGP9.5
plus
Ultraclone, Isle of
Wight, UK
1:1000
Sheep anti-tyrosine
hydroxylase
Chemicon 1:80or 3–4 days and then photographed to record the positions of the
Copyright © 2001 by Academic Press. All righteads, which were often dislodged by subsequent immunohisto-
hemical processing. The cultures were then fixed overnight in 4%
araformaldehyde in 0.1 M phosphate buffer and processed for
mmunohistochemistry using antibodies to PGP9.5, Ret, or GFRa1
(Table 1). To compare the number of neurites projecting toward the
GDNF-impregnated bead relative to the number projecting to the
control bead, images of each explant and the beads were captured.
The average pixel intensities of PGP9.5 immunostaining were
determined along a line equidistant from the GDNF bead or control
bead and the explant and perpendicular to a line connecting the
bead and the explant (see Fig. 4C), and the background pixel
intensity was subtracted. To examine neural crest derivatives
within the explants of vagal neural tube plus somites, frozen
sections of some of the explants were cut transverse to the neural
tube. The frozen sections were processed for tyrosine hydroxylase
and PGP9.5 immunohistochemistry.
RESULTS
Expression of GDNF mRNA in the Gastrointestinal
Tract of Mouse Embryos
Differences in the timing of developmental events, in-
cluding the development of the enteric nervous system, are
often related to rostrocaudal position along the gastrointes-
tinal tract. The expression pattern of GDNF was examined
in whole-mount preparations of gut from E10.5–E14.5 mice.
At E10.5, little GDNF mRNA expression was detected in
any part of the gastrointestinal tract (Fig. 1A). In whole
mounts of gut from E11 mice, staining was observed in the
midgut and particularly the caecal primordium, and there
was only very faint staining in the postcaecal hindgut. From
E11.5 onward, staining was observed throughout the intes-
tine (Fig. 1B). The staining in whole-mount preparations
appeared most intense in the caecum, followed by the
ondary antibody Source Concentration
t anti-rabbit
lexa 594
Molecular Probes,
Eugene, OR
1:200
t anti-rabbit
lexa 594 plus
at anti-mouse
Alexa 488
Molecular Probes Both at 1:200
inylated donkey
ti-rabbit
llowed by
Jackson
Immunoresearch, West
Grove, PA
1:200
ptavidin-Alexa
4 plus
Molecular Probes 1:100
key anti-sheep
TC
Jackson Immunoresearch 1:50Sec
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FImidgut, and the hindgut showed the weakest staining (Fig.
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506 Young et al.1E). Some of the E11.5 and E13.5 whole-mount preparations
were subsequently sectioned to examine the expression of
FIG. 1. (A, B, E) In situ hybridization localization of GDNF in wh
B), and E13 (E) mice. At E10.5 (A), there is little detectable express
he hindgut, with the most intense staining in the caecum and mi
mm. (C, D, F) Resin sections, 3 mm thick, through the whole-moun
but not the epithelial, cells. The levels of expression vary between
vary greatly between the different regions. Scale bar, 100 mm (appli
f an E14.5 embryo showing localization of the antisense probe (G
uter mesenchyme of the gut, but none in adjoining tissues. (H) No
taining of the gut epithelium. vert. body, body of vertebra. ScaleGDNF at the cellular level. Transverse sections revealed (
Copyright © 2001 by Academic Press. All righthat the staining was restricted to the mesenchyme, and the
erosal and endodermal epithelial cells were not stained
ount preparations of gastrointestinal tract from E10.5 (A), E11.5,
f GDNF, but by E11.5 (B), expression occurs in both the mid- and
By E13 (E), staining is more intense in all regions. Scale bars, 500
parations. Expression of GDNF occurs in the mesenchymal cells,
nchymal cells, but the average level of expression per cell does not
C, D, and F). (G, H) Transverse sections through the pelvic region
the sense probe (H). (G) There is strong GDNF expression by the
ing is observed using the sense probe, apart from weak, nonspecific
50 mm.ole-m
ion o
dgut.
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stainFigs. 1C and 1D). Although the levels of GDNF mRNA
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507GDNF Is a Chemoattractant for Enteric Neural Cellsexpression varied between mesenchymal cells, the average
level of expression per cell did not appear to vary greatly
between the different regions (Fig. 1F). Thus although there
was a rapid increase of expression from E10.5 to E12.5, the
high intensity of staining in the caecum and low intensity
of label in the midgut and particularly in the hindgut in
whole-mount preparations were principally due to the dif-
fering thickness of the wall of the gut, rather than to a
pronounced regionality or rostrocaudal gradient of expres-
sion. In transverse sections through the pharyngeal arch
regions of E11 embryos, there was no significant noninten-
stinal GDNF mRNA expression (not illustrated). In sec-
tions through the caudal parts of E14.5 embryos, GDNF
expression was found only in the kidney primordium (not
illustrated) and in outer layers of the gut mesenchyme (Fig.
1G). Expression of GDNF was not detected in any tissues
that were adjacent to the gut, including in the pelvic region,
where the caudal hindgut is not suspended by mesentery
but is enveloped by structures in the pelvic floor (Fig. 1G).
Sections stained using the sense probe gave no staining,
apart from weak, nonspecific staining of the gut epithelium
(Fig. 1H).
Behavior of Neural Crest-Derived Cells in Explants
of Gut Grown in Catenary Organ Culture with,
or without, GDNF
Explants of hindgut from the ileocaecal border to the
caudal end of the hindgut from E11.5 mice were grown in
catenary organ culture (Fig. 2A; see Hearn et al., 1999), with
r without GDNF (100 ng/ml) added to the culture me-
ium. At the beginning of the culture period of E11.5
indgut, neural crest-derived cells are present only in the
ostral end of the explant (Fig. 2A; see Kapur et al., 1992;
Young et al., 1998). After 3 days in culture, many PGP9.51
neurons were present throughout the control gut explants
(Figs. 2C and 2E), indicating that the neural crest cells that
were present only at the rostral end at the beginning of the
culture period had migrated through the gut explant and
differentiated into neurons. A small, but variable, number
of neurons was also observed on the filter paper at both the
rostral and the caudal end of the control gut explants (Fig.
2C). In the explants grown in the presence of 100 ng/ml
GDNF, there was a very low density of PGP9.51 neurons
within the explants (Fig. 2D), and some explants had no
detectable neurons. In contrast, there were many more
neurons on the filter paper outside of the explant in the
presence of GDNF (Fig. 2B), indicating that in the presence
of GDNF in the culture medium, enteric neuron precursors
had migrated out of the rostral end of the gut explant and
differentiated into neurons on the filter paper. Counts were
performed of both the total number of neurons on the filter
paper outside the explant and the density of neurons within
the gut explant in six control explants and six explants
grown in the presence of GDNF (Fig. 3). There were signifi-
cantly (fivefold) more neurons on the filter paper in the
GDNF cultures (unpaired t test, t 5 3.8, P , 0.05) and a
Copyright © 2001 by Academic Press. All rightignificantly (threefold) lower density of neurons within the
ut explants in the presence of GDNF (unpaired t test, t 5
.4, P , 0.05) compared to the control explants. The mean
rea of the top surface of control explants was 0.21 6 0.02
mm2 (mean 6 SEM, n 5 6) and that of GDNF-treated
cultures was 0.19 6 0.02 mm2 (n 5 6), indicating that there
was no difference in the overall size of the gut explants
between controls and those grown in the presence of
GDNF. Thus the neuronal density directly reflects neuron
number in the explants.
There were many more nonneuronal cells on the filter
paper in the cultures grown in the presence of GDNF than
there were in control cultures. The nonneuronal cells
presumably include neural crest-derived glial cells and
undifferentiated neural crest cells and, possibly, gut mesen-
chymal cells. Since mesenchymal cells of the gut have been
reported to express GFRa1 (Chalazonitis et al., 1998; Wor-
ley et al., 2000) and might therefore respond to GDNF
irectly, we wished to examine whether GDNF is also a
hemoattractant for mesenchymal cells of the gut. To
istinguish neural crest-derived cells from mesenchymal
ells on the filter paper requires simultaneous quadruple
abeling (immunohistochemical staining for differentiated
eurons, differentiated glial cells, and undifferentiated neu-
al crest cells, plus a nuclear stain to label the entire cell
opulation). As this is not technically possible, we exam-
ned whether GDNF has a direct effect on mesenchymal
ells of the gut by culturing explants of gut lacking neural
rest-derived cells with or without GDNF. Explants of
11–E11.5 postcaecal hindgut, which are not yet colonized
y neural crest-derived cells (Young et al., 1998), were
rown in catenary organ culture with or without GDNF
dded to the culture medium. After 3–4 days in culture, no
eurons could be detected using an antibody to PGP9.5 in
he explants grown either with or without GDNF. Follow-
ng incubation in the nuclear stain DAPI, the total number
f mesenchymal cells on the filter paper outside of the
xplants was counted in the cultures lacking neural crest-
erived cells. There was no significant difference between
he numbers of cells on the filter paper outside each explant
nder control conditions (139.7 6 20.5 cells; mean 6 SEM,
n 5 4 cultures) and outside explants grown in the presence
of GDNF (140.4 6 27.0 cells, n 5 5 cultures; unpaired t
est, P 5 0.98, not significant). Thus GDNF is not a direct
hemoattractant to mesenchymal cells of the gut.
Esophagus, Midgut, Dorsal Root Ganglia, Superior
Cervical Ganglia, and Paravertebral Sympathetic
Chain Grown on Collagen Gels with
GDNF-Impregnated Agarose Beads
Midgut. Explants of E11.5 midgut were grown on
collagen-coated culture dishes with a GDNF-impregnated
agarose bead on one side and a control agarose bead on the
opposite side of the explant. After 4 days in culture, the
GDNF-impregnated beads were covered with PGP9.51
nerve cell bodies (Fig. 4C), whereas most of the control
s of reproduction in any form reserved.
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508 Young et al.beads had no PGP9.51 cells associated with them. In
addition, many groups of PGP9.51 neurons, forming gan-
lia, were present on the collagen gel in the vicinity of the
DNF bead (Fig. 4C), but ganglia were sparse in other
egions of the cultures. The majority of neurites occurred
n the GDNF-bead side of the explant, and most extended
irectly between the explant and the bead. For each explant,
he levels of PGP9.5 immunostaining (pixel intensity) of
he neurites between the GDNF bead and the explant, and
he control bead and the explant, were quantified (see Fig.
D). The immunostaining on the GDNF bead side was 2.4
FIG. 2. (A) Diagram showing the location of neural crest-derived
Newgreen, 2000) and the region of gut grown in organ culture. Neu
of explanation. Explants were suspended between a “V” cut into a
GDNF (100 ng/ml) added to the culture medium. (B) Inverted fluore
3–4 days and then processed for immunohistochemistry using an an
present on the filter paper outside of the explant (inset). (C) Under c
paper outside of the explant (arrows). (D, E) High-magnification ima
(D), the density of neurons within the explant is low because the ne
In the control cultures (E), the density of neurons within the expla
rostral end of the explant at the beginning of the culture period haimes higher than that on the control bead side, a highly
Copyright © 2001 by Academic Press. All rightignificant difference (Wilcoxon signed rank test, P 5 0.01,
n 5 8; Fig. 6).
Although many neural derivatives of the neural crest
xpress Ret and GFRa1, not all of the derivatives are
ffected in gdnf 2/2, ret 2/2, and gfra1 2/2 mice (Table
2). For example, although there are no neurons present in
the small and large intestine of the knockout mice, neurons
are present in the esophagus. In addition, ret 2/2 mice lack
a superior cervical ganglion, but the more caudal sympa-
thetic chain ganglia are unaffected (Durbec et al., 1996). We
therefore explanted a range of neural derivatives of the
s within the gastrointestinal tract of E11.5 mice (see Young and
est-derived cells are present only in the rostral hindgut at the time
of filter paper and grown in culture for 3–4 days with or without
ce image of an explant of E11.5 hindgut grown in organ culture for
dy to the panneuronal marker PGP9.5. Many PGP9.51 neurons are
l conditions, there are only a small number of neurons on the filter
f neurons present within the gut explants. In the presence of GDNF
al precursors had migrated out of the explant onto the filter paper.
high because the neuron precursors that were present only at the
grated through the explant and differentiated into neurons.cell
ral cr
piece
scen
tibo
ontro
ges o
uron
nt isneural crest onto collagen gels to determine for each tissue
s of reproduction in any form reserved.
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509GDNF Is a Chemoattractant for Enteric Neural Cellswhether (i) GDNF is a chemoattractant for neurite out-
growth and cell migration and (ii) Ret and GFRa1 proteins
are expressed by the explanted tissues. The effects of
GDNF-impregnated agarose beads were examined on E11.5
esophagus, trunk-level paravertebral sympathetic chain
ganglia, individual dorsal root ganglia, and individual E12.5
superior cervical ganglia.
Esophagus. The GDNF-impregnated beads were cov-
ered with nerve cell bodies, and groups of neurons were
present on the collagen, distant from the explant, in the
vicinity of the beads (Fig. 4B). There was also a profuse
outgrowth of PGP9.51 neurites from the explants to the
GDNF-impregnated bead, but there were only sparse fibers
projecting from the explants in other directions (Fig. 4B).
The intensity of immunostaining of the neurites and cells
on the GDNF bead side of the explants was significantly
(3.7 times) greater than the staining between the control
bead and the explants (Wilcoxon signed rank test, P 5 0.01,
5 8; Fig. 6).
Lumbar dorsal root ganglia (DRG). In medium lacking
GF, outgrowth after 3 days was very limited. However, in
he presence of NGF, profuse, radial neurite and cell out-
rowth occurred from individual DRG, with no detectable
reference for outgrowth toward the GDNF-impregnated
ead (Fig. 5A). Individual explants varied very little in the
ize and appearance of the neurite outgrowths. When quan-
ified, the intensity of PGP9.5 immunostaining on the
ontrol bead side of the explant was not significantly
ifferent from that on the GDNF bead side of the explants
Wilcoxon signed rank test, P 5 1.00, n 5 6; Fig. 6). Nerve
ell bodies were not associated with either the GDNF or the
ontrol beads.
Superior cervical ganglion. The intensity of PGP9.5
mmunostaining of neurites on the GDNF bead side of the
FIG. 3. Effects of GDNF on the density of neurons within the ex
explant (right). Data are expressed as means 6 SEM from six contr
GDNF, both the density of neurons within the explants and the tot
in control cultures (unpaired t tests, P , 0.05).xplants was not significantly different from that on the
Copyright © 2001 by Academic Press. All rightontrol bead side of the explants (Wilcoxon signed rank test,
5 0.69, n 5 5; Figs. 5B and 6). Nerve cell bodies were not
ssociated with either of the beads.
Lumbar paravertebral sympathetic chain ganglia.
eurite outgrowth from the explanted ganglia occurred, but
he outgrowth was not as radially symmetrical as that of
he dorsal root ganglia, possibly because each explant con-
isted of a chain of ganglion anlagen attached to the aorta
Fig. 5C). The degree to which preferential growth occurred
oward the GDNF-impregnated bead varied greatly between
xplants. When quantified, the intensity of PGP9.5 immu-
ostaining of neurites on the GDNF-impregnated bead side
f the explants was slightly (1.2 times), but significantly,
igher than that on the control bead side (Wilcoxon signed
ank test, P 5 0.03, n 5 6; Fig. 6). Nerve cell bodies were
not associated with either the GDNF or the control beads.
Ret and GFRa1 immunoreactivity of gut, sympathetic
anglia, and DRG explants. The neurons and neurites
resent in the gut, sympathetic ganglia, and DRG explants
ll showed the same pattern of Ret and GFRa1 immunore-
activity (Fig. 7). Regardless of the direction in which they
projected in relation to the beads, the neurites extending
from the explants were strongly GFRa11 (Figs. 7A9 and 7B).
Most neurites showed little Ret immunostaining (Figs. 7A
and 7A0), but the nerve cell bodies were Ret1 and GFRa11
(Figs. 7A, 7A0, and 7B).
Neural Tubes Containing Premigratory Vagal
Neural Crest Cells Grown on Collagen-Coated
Culture Dishes with GDNF-Impregnated
Agarose Beads
To determine whether GDNF is chemoattractive to vagal
neural crest cells as they emigrate from the neural tube, the
(left) and total number of neurons on the filter paper outside the
d six cultures grown in the presence of GDNF. In the presence of
mber of neurons on the paper are significantly different from thoseplant
ols an
al nuneural tubes and somites, corresponding to somites 1–6, of
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All right6- to 11-somite mouse embryos were grown on collagen-
coated culture dishes for 3–4 days with a GDNF-
impregnated agarose bead on one side and a control agarose
bead on the opposite side of the explant. The amount of
direction of neurite outgrowth varied between explants, but
the intensity of PGP9.5 immunostaining on the GDNF
bead side of the explant was not significantly different from
that on the control bead side of the explants (paired t test,
5 0.9, n 5 4; Figs. 6 and 8). Very few PGP9.51 neurons
ere present on the collagen gel outside of the explants.
herefore, to examine whether neural crest cells had emi-
rated, survived, and differentiated in these cultures, some
f the explants were sectioned and processed for tyrosine
ydroxylase (TH) and PGP9.5 immunohistochemistry. TH
s expressed by sympathetic neural crest derivatives and
ransiently by 10–15% of vagal crest-derived cells within
he E10.5–E11.5 mouse gut (Young et al., 1999). Both
H1/PGP9.51 and TH2/PGP9.51 cells were observed in
mall clusters within the explants, at varying distances
rom the neural tube (Figs. 8B and 8B9). This indicates that
eural crest-derived cells had migrated, survived, and dif-
erentiated into neurons in the explants. However, very few
ad migrated away from the explanted tissue, unlike the
ase in which GDNF-impregnated beads were placed next
o explants of embryonic gut.
DISCUSSION
GDNF Is a Chemoattractant for Enteric Neural
Crest-Derived Cells and Neurites
Previous studies have shown that GDNF promotes the
proliferation, survival, and differentiation of enteric neuron
precursors isolated from embryonic mice and quail and
increases the length of neurites from developing enteric
neurons (Chalazonitis et al., 1998; Hearn et al., 1998;
FIG. 4. (A, B) Inverted fluorescence images of slices of midgut (A)
and esophagus (B) grown on a collagen-coated petri dish with a
GDNF-impregnated agarose bead on one side and a control agarose
bead on the opposite side. After 4 days, the explants were processed
for PGP9.5 immunohistochemistry. Neurites were associated pref-
erentially with the GDNF-impregnated beads. Note that the con-
trol beads were dislodged during processing for immunohistochem-
istry at the end of the culture period. Scale bars, 500 mm. (C) Higher
magnification image of the GDNF-impregnated bead showing that
both neurites and migrating neural cells were attracted to the bead.
Migrating neural cells covered the bead and were found in groups
(arrows) between the explant and the bead. Scale bar, 100 mm. (D)
iagram showing the method used to compare the outgrowth
oward the GDNF-impregnated bead compared to the control bead.
he average pixel intensities of immunostaining along a line drawn
quidistant between the GDNF bead and the explant and a second
ine between the control bead and the explant were determined,
nd the background pixel intensity was subtracted from each.s of reproduction in any form reserved.
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511GDNF Is a Chemoattractant for Enteric Neural CellsHeuckeroth et al., 1998; Scha¨fer and Mestres, 1999; Tara-
viras et al., 1999; Wu et al., 1999). The current study
demonstrates that GDNF also has a powerful stimulatory
effect on the migration of crest-derived enteric neural
precursor cells and their neurites and that this stimulation
has an important directional component. The clustering of
neurons around GDNF beads and the skewing of the paths
of growing neurites toward GDNF beads in the cultures on
collagen gels, and the depletion of neurons within the gut
and the increase of such cells outside the gut in organ
culture, strongly suggest that GDNF is a chemoattractant
for enteric neural cells and neurites. Additional effects of
GDNF which could contribute to the nonrandom cell and
neurite distribution pattern, such as chemokinesis (nondi-
rectional stimulation of migration) and improved prolifera-
tion or survival of neural cells, are also likely.
The GDNF-Ret/GFRa1 signaling pathway is essential for
he development of the kidney as well as the enteric
ervous system (Schuchardt et al., 1994; Moore et al., 1996;
ichel et al., 1996; Sanchez et al., 1996; Cacalano et al.,
998; Enomoto et al., 1998; Tomac et al., 2000). Ret-
xpressing MDCK renal epithelial cell lines show GDNF-
nduced production of locomotory lamellipodia and prefer-
ntially migrate toward a localized source of GDNF (Tang
t al., 1998). Thus the effect of GDNF on directional
igration of enteric neural crest-derived cells is strikingly
imilar to that on kidney epithelial cell lines.
GDNF Is Not a Chemoattractant for Vagal Neural
Crest-Derived Cells as They First Emigrate from
the Neural Tube
Le Douarin and Teillet (1974) suggested that vagal level
TABLE 2
Correlation within the Peripheral Nervous System of GDNF Resp
Rat
expression
GFRa
express
Enteric neurons in the esophagus Yes1 Yes2
Enteric neurons in the stomach Yes2 Yes2
Enteric neurons in the small and
large intestine
Yes1,8,9 Yes14
Sympathetic chain ganglia—(i)
superior cervical ganglion (SCG)
Yes4 Yes16
Sympathetic chain ganglia—(ii)
ganglia caudal to SCG
Yes9,14 Yes14,
Dorsal root ganglia Yes10,11,14 Yes14,
1 Lo et al., 1994. 2 Schiltz et al., 1999. 3 Sanchez et al., 1996. 4 Dur
t al., 2000. 8 Natarajan et al., 1999. 9 Schuchardt et al., 1994. 10 Pac
t al., 1996. 14 Nosrat et al., 1997. 15 Taraviras et al., 1999. 16 Currneural crest cells are selectively attracted by the intestine
Copyright © 2001 by Academic Press. All rightecause when quail vagal level neural crest cells were
ransplanted to the midtrunk level of chick embryos, quail
ells were found in the gut, even though trunk-level crest
ells do not normally reach the gut. The mechanisms by
hich vagal level neural crest cells navigate from the neural
ube to the foregut have yet to be elucidated, but likely to be
nvolved are (a) interactions between specific anchored
igands (for example, extracellular matrix and cell–cell
dhesion molecules) expressed on the migratory pathway
nd their receptors expressed by vagal neural crest cells and
b) expression of diffusable molecules within the gut that
re chemoattractive to vagal neural crest cells.
We were unable to demonstrate a chemoattractive effect
n mouse vagal neural crest cells as they initially emigrated
rom the neural tube. This suggests that GDNF does not
lay a directional role in controlling the migration of vagal
eural crest cells as they leave the neural tube. Previous
xperiments on avian vagal neural tube explants also
howed no survival or proliferative effects of GDNF on
arly emigrating neural crest cells (Hearn et al., 1998). In ret
2/2 mice, vagal neural crest-derived cells die before, or just
as, they reach the foregut (Durbec et al., 1996; Taraviras et
al., 1999). We can conclude from these ret 2/2 mice that
the GDNF-Ret/GFRa1 signaling pathway is active in sur-
ival before or as the vagal neural crest cells initially reach
he foregut. It will be interesting to determine whether the
nset of survival responsiveness and chemoattraction to
DNF occur at the same developmental stage.
Possible Chemoattractive Role of GDNF in Enteric
Nervous System Development
The migratory behavior of enteric neural crest-derived
Elements with the Results of Gene Knockout
Phenotype in
gdnf 2/2 mice
Phenotype in
ret 2/2 mice
Phenotype in
gfra1 2/2 mice
No obvious
abnormality3
No obvious
abnormality4
No obvious
abnormality5,6,7
Reduced in
number11
Reduced in
number4
Reduced in
number5,6,7
Absent3,12,13 Absent4,8 Absent5,6,7
35% reduction
in number of
neurons3,12
Absent4 No abnormality5,6,7
Not
determined
No obvious
abnormality4
Not determined
20% reduction
in number of
neurons12
Not determined No abnormality5,6
t al., 1996. 5 Cacalano et al., 1998. 6 Enomoto et al., 1998. 7 Tomac
et al., 1993. 11 Molliver et al., 1997. 12 Moore et al., 1996. 13 Pichel
tudy.onse
1
ion
16
15
bec e
hniscells, and hence the colonization of the gut by enteric
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightneuron precursors, is likely to be influenced by a number of
factors including (i) neural crest cell-autonomous factors
which give the innate tendency of neural crest cells to
migrate (Newgreen, 1992); (ii) interactions between neural
crest cells, since when the number of premigratory vagal
crest cells is reduced surgically, neural crest cells fail to
colonize the most caudal regions of the gastrointestinal
tract (Yntema and Hammond, 1954; Peters-van der Sanden
et al., 1993); and (iii) the presence of attractive or repulsive
molecules in the gut messenchyme (Le Douarin and Teillet,
1974).
The net movement of most neural precursor cells in the
gut mesenchyme is rostral to caudal, as a wave, with a
on one side and a control agarose bead on the opposite side. The
explants were processed for PGP9.5 (A, C) or GFRa1 (B) immuno-
istochemistry. The outgrowths from the dorsal root and superior
ervical ganglion show no obvious polarity, and the outgrowth
rom the lumbar chain ganglia shows a small preference toward the
FIG. 6. Immunostaining on GDNF bead side of the explants
grown on collagen-coated petri dishes as a percentage of total
staining (GDNF bead side 1 control bead side). A 50% response
(dotted line) indicates that the outgrowth on the GDNF bead side of
the explant was the same as that on the control bead side;
significant responses are indicated with asterisks. Outgrowths
from the esophagus (eso) and midgut show a marked preference for
the GDNF-impregnated bead, and outgrowth from the lumbar
paravertebral ganglia (lumb SC) shows a small, but significant
preference for the GDNF bead. For the superior cervical ganglia
(SCG), dorsal root ganglia (DRG), and vagal neural tube (nt), the
amount of outgrowth on the GDNF bead side is not significantly
different from that of the control side.FIG. 5. Inverted fluorescence images of explants of individual
11.5 dorsal root ganglia (A), E12.5 superior cervical ganglion (B),
nd E11.5 lumbar paravertebral chain ganglia (C) grown on aDNF-impregnated bead. Scale bars: A, 1 mm; B and C, 500 mm.
s of reproduction in any form reserved.
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513GDNF Is a Chemoattractant for Enteric Neural Cellsdefined timetable and with a discrete wavefront (Kapur et
al., 1992; Young et al., 1998). The first of these cells to
differentiate into neurons transiently express cat-
echolamines (Baetge et al., 1990). The cell bodies of these
relatively few, early differentiated neurons lie within a
dense population of undifferentiated neural cells (Young et
al., 1999). Despite the apparently unoriented surroundings,
all these neurons have axons that project caudally for up to
400 mm (Young et al., 1999), which is the same direction as
the crest cells are migrating. Thus it is possible that the
same mechanism(s) drives both cell migration and axon
polarity.
In the current study, enteric neuron precursors showed a
strong chemotactic response to GDNF. We therefore pro-
pose that mesenchymally derived GDNF, in addition to its
role in survival, proliferation, and neuronal differentiation,
plays a role in (i) retaining vagal neural crest-derived cells
within the gut mesenchyme so that they do not migrate
into neighboring tissues via the mesentery and (ii) promot-
ing the migration of neural crest-derived cells along the gut.
There were also increased numbers of neurites associated
with the GDNF beads compared to the control beads,
indicating that GDNF may also be chemotactic to the
FIG. 7. (A, A9, A0) Ret (A, red) and GFRa1 (A9, green) immunostai
etri dish for 4 days. The cell bodies show both Ret and GFRa1
mmunostaining, but little Ret immunostaining (A9, A0). (B) The c
ith a GDNF-impregnated bead. Like the dorsal root ganglia, the en
eurites (arrowheads) are strongly GFRa11, but weakly Ret1. Scaneurites of differentiating enteric neurons and thus may r
Copyright © 2001 by Academic Press. All rightromote the oriented extension of neurites along the gut.
owever, we also cannot rule out the possibility that the
ncreased number of neurites associated with the GDNF
eads is to some extent an indirect effect, due to increased
umbers of neurons associated with the GDNF beads.
The mechanism by which GDNF could promote the
ostrocaudal migration and caudally directed neurite out-
rowth is not obvious. Since we have shown that GDNF is
hemoattractive for enteric neural cells and neurites in
itro, the simplest model is that the rostrocaudal migration
f cells and the polarity of the neurites of the differentiating
nteric neurons in the gut in vivo could be accomplished by
preceding rostrocaudal wave of GDNF production. As-
uming that mRNA level predicts protein production, this
imple scenario is unlikely because, although there was an
ncrease in GDNF mRNA with developmental age, the
patiotemporal correlation between GDNF expression and
eural crest cell migration was weak. We therefore suggest
rst that in regions already occupied by neural crest cells,
DNF protein production enables neural cell survival,
roliferation, and differentiation to keep pace with the
ramatic growth of the gut (see Newgreen et al., 1996). We
uggest second that levels of GDNF protein are higher in
of an E11.5 dorsal root ganglion after growth on a collagen-coated
unoreactivity (A, A0), whereas the neurites show intense GFRa1
dies and neurites from an explant of midgut that were associated
neural cell bodies (arrows) are Ret1 and weakly GFRa11, and the
rs, 25 mm.ning
imm
ell bo
tericegions unoccupied by neural cells and neurites, which are
s of reproduction in any form reserved.
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514 Young et al.acting as GDNF sinks. This hypothesis requires that the
levels of GDNF are limiting. That the levels of GDNF can
be limiting is supported by a decreased density of enteric
neurons in the gut of gdnf 1/2 mice (Shen et al., 1998) and
by experiments on renal development in which increased
expression of activated Ret ectotopically within the kidney
(Srinivas et al., 1999) or by neurons projecting to the kidney
Gestblom et al., 1999) resulted in renal malformations
hich were attributed to a decrease in the available con-
entration of GDNF around the ureteric bud tips. Thus we
ropose that the net direction of neural precursor cell
igration, and the direction of axon projection pattern of
he first enteric neurons, would be determined in part by
hemoattraction toward higher levels of untapped GDNF
FIG. 8. (A) Explant of E8.5 vagal (somites 1–7) neural tube plus
somites grown on collagen with a control bead and a GDNF-
impregnated bead placed lateral to the explant. The nerve fiber
outgrowth shows no preference for the GDNF bead. Scale bar, 100
mm. (B, B9) Frozen section through an explant of neural tube plus
somites processed for tyrosine hydroxylase (TH, B) and PGP9.5 (B9)
immunohistochemistry, showing TH1/PGP9.51 cells (arrow)
within the explant, but outside of the neural tube. The location of
the border of the neural tube is indicated by the dotted line. Scale
bar, 25 mm.rotein. r
Copyright © 2001 by Academic Press. All rightGDNF Has Little or No Chemoattractant Effect on
Early Sensory (DRG) and Sympathetic Ganglion
Cells and Neurites
GDNF has been previously shown to promote the sur-
vival of a subpopulation of rat DRG neurons, but their
dependency commences only in very late embryonic and
early postnatal life (Matheson et al., 1996; Molliver et al.,
1997). GDNF has also been shown to both promote the
survival of, and promote neurite outgrowth from, E9 chick
sympathetic neurons (Ebendal et al., 1995). We did not
observe a directional response of neural cells or neurites to
GDNF in explants of E11.5 mouse DRG and superior
cervical ganglia, but we cannot rule out the possibility that
these ganglia from later stage embryos might show a
neurite outgrowth response to GDNF.
ret 2/2 and gdnf 2/2 mice show very early loss or a
eduction in the number of neurons in the superior cervical
anglion (Table 2). Hence, although superior cervical gan-
lion cells show a survival response to GDNF at early
tages, they showed no directional response to GDNF in the
resent assays. Conversely, survival, position, and differen-
iation of truncal sympathetic ganglion cells are not depen-
ent on the GDNF system since they are unaffected by ret
nockout (Table 2; Durbec et al., 1996). Yet cells in the
11.5 lumbar sympathetic ganglia did show a statistically
ignificant orientation toward a GDNF source, although
his was slight in magnitude compared to enteric neural
ells. Thus, at least some of the response modalities to
DNF (survival, proliferation, differentiation, and che-
oattraction) are separable.
Lack of Chemoattractive Response to GDNF Is Not
Due to Lack of GDNF Receptors
For a variety of avian embryonic cranial sensory and
parasympathetic ganglia and sympathetic ganglia, the sur-
vival, differentiation, and neurite outgrowth responses to
GDNF and the related neurotrophic factor, neurturin, cor-
relate with expression of the components of their receptors,
Ret and GFRa1 (GDNF) or Ret and GFRa2 (neurturin)
(Forgie et al., 1999; Hashino et al., 1999). However, in the
current study, both the DRG and the superior cervical
ganglia showed Ret and GFRa1 immunoreactivity of inten-
ity comparable to that of the enteric neural cells, yet they
howed no chemotactic response to GDNF. Thus, the
resence of the GDNF receptor components is not in itself
ufficient to guarantee such a response to GDNF. The
bsence of neurite outgrowth and migration responses to
DNF by murine midembryonic dorsal root and superior
ervical ganglion neurons is therefore likely to be due to an
bsence or inactivity of molecules downstream of the
eceptors.
s of reproduction in any form reserved.
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515GDNF Is a Chemoattractant for Enteric Neural CellsCONCLUSION
Our results show that GDNF has a powerful chemoat-
tractive effect on the migration and neurite outgrowth of
enteric crest-derived cells. It is likely that GDNF expressed
by the gut mesenchyme plays an important role in retaining
neural crest-derived cells within the gut, in promoting the
rostrocaudal migration of cells through the gut, and in
promoting neurite outgrowth.
ACKNOWLEDGMENTS
We thank Dr. Heiner Westphal (NIH, U.S.A.) for kindly provid-
ing the cDNA for mouse GDNF and Dr. John Drago (Monash
University, Australia) and Sonja McKeown (Department of Anat-
omy & Cell Biology, University of Melbourne) for their help. We
also thank anonymous reviewers for helpful suggestions. This
research was supported by NHMRC (Australia) and the Murdoch
Childrens Research Institute.
REFERENCES
Airaksinen, M. S., Titievsky, A., and Saarma, M. (1999). GDNF
family neurotrophic factor signaling: Four masters, one servant?
Mol. Cell. Neurosci. 13, 313–325.
aetge, G., Pintar, J. E., and Gershon, M. D. (1990). Transiently
catecholaminergic (TC) cells in the bowel of the fetal rat:
Precursors of noncatecholaminergic enteric neurons. Dev. Biol.
141, 353–380.
Burns, A. J., and Le Douarin, N. M. (1998). The sacral neural crest
contributes neurons and glia to the post-umbilical gut: Spatio-
temporal analysis of the development of the enteric nervous
system. Development 125, 4335–4347.
Cacalano, G., Farinas, I., Wang, L. C., Hagler, K., Forgie, A., Moore,
M., Armanini, M., Phillips, H., Ryan, A. M., Reichardt, L. F.,
Hynes, M., Davies, A., and Rosenthal, A. (1998). GFRalpha1 is an
essential receptor component for GDNF in the developing ner-
vous system and kidney. Neuron 21, 53–62.
Chalazonitis, A., Rothman, T. P., Chen, J., and Gershon, M. D.
(1998). Age-dependent differences in the effects of GDNF and
NT-3 on the development of neurons and glia from neural
crest-derived precursors immunoselected from the fetal rat gut:
Expression of GFRalpha-1 in vitro and in vivo. Dev. Biol. 204,
385–406.
Durbec, P. L., Larsson-Blomberg, L. B., Schuchardt, A., Costantini,
F., and Pachnis, V. (1996). Common origin and developmental
dependence on c-ret of subsets of enteric and sympathetic
neuroblasts. Development 122, 349–358.
Ebendal, T., Tomac, A., Hoffer, B. J., and Olson, L. (1995). Glial cell
line-derived neurotrophic factor stimulates fiber formation and
survival in cultured neurons from peripheral autonomic ganglia.
J. Neurosci. Res. 40, 276–284.
Enomoto, H., Araki, T., Jackman, A., Heuckeroth, R. O., Snider,
W. D., Johnson, E. M., Jr., and Milbrandt, J. (1998). GFR alpha1-
deficient mice have deficits in the enteric nervous system and
kidneys. Neuron 21, 317–324.
Forgie, A., Doxakis, E., Buj-Bello, A., Wyatt, S., and Davies, A. M.
(1999). Differences and developmental changes in the responsive-
ness of PNS neurons to GDNF and neurturin. Mol. Cell. Neuro-
sci. 13, 430–440.
Copyright © 2001 by Academic Press. All rightGestblom, C., Sweetser, D. A., Doggett, B., and Kapur, R. P. (1999).
Sympathoadrenal hyperplasia causes renal malformations in
RetMEN2B-transgenic mice. Am. J. Pathol. 155, 2167–2178.
ashino, E., Johnson, E. M., Jr., Milbrandt, J., Shero, M., Salvi, R. J.,
and Cohan, C. S. (1999). Multiple actions of neurturin correlate
with spatiotemporal patterns of Ret expression in developing
chick cranial ganglion neurons. J. Neurosci. 19, 8476–8486.
earn, C. J., Murphy, M., and Newgreen, D. (1998). GDNF and
ET-3 differentially modulate the numbers of avian enteric neural
crest cells and enteric neurons in vitro. Dev. Biol. 197, 93–105.
Hearn, C. J., Young, H. M., Ciampoli, D., Lomax, A. E., and
Newgreen, D. (1999). Catenary cultures of embryonic gastroin-
testinal tract support organ morphogenesis, motility, neural crest
cell migration, and cell differentiation. Dev. Dyn. 214, 239–247.
Hellmich, H. L., Kos, L., Cho, E. S., Mahon, K. A., and Zimmer, A.
(1996). Embryonic expression of glial cell-line derived neurotro-
phic factor (GDNF) suggests multiple developmental roles in
neural differentiation and epithelial–mesenchymal interactions.
Mech. Dev. 54, 95–105.
Heuckeroth, R. O., Lampe, P. A., Johnson, E. M., and Milbrandt, J.
(1998). Neurturin and GDNF promote proliferation and survival
of enteric neuron and glial progenitors in vitro. Dev. Biol. 200,
116–129.
Kapur, R. P. (1999). Early death of neural crest cells is responsible
for total enteric aganglionosis in Sox10(Dom)/Sox10(Dom)
mouse embryos. Pediatr. Dev. Pathol. 2, 559–569.
Kapur, R. P., Yost, C., and Palmiter, R. D. (1992). A transgenic
model for studying development of the enteric nervous system in
normal and aganglionic mice. Development 116, 167–175.
Le Douarin, N. M., and Teillet, M. A. (1973). The migration of
neural crest cells to the wall of the digestive tract in avian
embryo. J. Embryol. Exp. Morphol. 30, 31–48.
Le Douarin, N. M., and Teillet, M. A. (1974). Experimental analysis
of the migration and differentiation of neuroblasts of the auto-
nomic nervous system and of neurectodermal mesenchymal
derivatives, using a biological cell marking technique. Dev. Biol.
41, 162–184.
Lo, L., Guillemot, F., Joyner, A. L., and Anderson, D. J. (1994).
MASH-1: A marker and a mutation for mammalian neural crest
development. Perspect. Deb. Neurobiol. 2, 191–201.
Matheson, C. R., Carnahan, J., Urich, J. L., Bocangel, D., Zhang,
T. J., and Yan, Q. (1997). Glial cell line-derived neurotrophic
factor (GDNF) is a neurotrophic factor for sensory neurons:
Comparison with the effects of the neurotrophins. J. Neurobiol.
32, 22–32.
Molliver, D. C., Wright, D. E., Leitner, M. L., Parsadanian, A. S.,
Doster, K., Wen, K., Yan, Q., and Snider, W. D. (1997). IB4-
binding DRG neurons switch from NGF to GDNF dependence in
early postnatal life. Neuron 19, 849–861.
Moore, M. W., Klein, R. D., Farinas, I., Sauer, H., Armanini, M.,
Phillips, H., Reichardt, L. F., Ryan, A. M., Carver-Moore, K., and
Rosenthal, A. (1996). Renal and neuronal abnormalities in mice
lacking GDNF. Nature 382, 76–79.
Natarajan, D., Grigoriou, M., Marcos-Gutierrez, C. V., Atkins, C.,
and Pachnis, V. (1999). Multipotential progenitors of the mam-
malian enteric nervous system capable of colonising aganglionic
bowel in organ culture. Development 126, 157–168.
Newgreen, D. F. (1992). Establishment of the form of the peripheral
nervous system. In “Development, Regeneration and Plasticity
of the Autonomic Nervous System” (I. A. Hendry and C. E. Hill,
Eds.), pp. 1–94. Harwood Academic, Chur.
s of reproduction in any form reserved.
PY
516 Young et al.Newgreen, D. F., Southwell, B., Hartley, L., and Allan, I. J. (1996).
Migration of enteric neural crest cells in relation to growth of the
gut in avian embryos. Acta Anat. 157, 105–115.
Nosrat, C. A., Tomac, A., Hoffer, B. J., and Olson, L. (1997). Cellular
and developmental patterns of expression of Ret and glial cell
line-derived neurotrophic factor receptor alpha mRNAs. Exp.
Brain Res. 115, 410–422.
achnis, V., Mankoo, B., and Costantini, F. (1993). Expression of
the c-ret proto-oncogene during mouse embryogenesis. Develop-
ment 119, 1005–1017.
Pachnis, V., Durbec, P., Taraviras, S., Grigoriou, M., and Natarajan,
D. (1998). Neural injury, repair, and adaptation in the GI tract. III.
Role of the RET signal transduction pathway in development of
the mammalian enteric nervous system. Am. J. Physiol. 275,
G183–186.
Pattyn, A., Morin, X., Cremer, H., Goridis, C., and Brunet, J. F.
(1999). The homeobox gene Phox2b is essential for the develop-
ment of autonomic neural crest derivatives. Nature 399, 366–
370.
Peters-van der Sanden, M. J., Kirby, M. L., Gittenberger-de Groot,
A., Tibboel, D., Mulder, M. P., and Meijers, C. (1993). Ablation of
various regions within the avian vagal neural crest has differen-
tial effects on ganglion formation in the fore-, mid- and hindgut.
Dev. Dyn. 196, 183–194.
Pichel, J. G., Shen, L., Sheng, H. Z., Granholm, A. C., Drago, J.,
Grinberg, A., Lee, E. J., Huang, S. P., Saarma, M., Hoffer, B. J.,
Sariola, H., and Westphal, H. (1996). Defects in enteric innerva-
tion and kidney development in mice lacking GDNF. Nature
382, 73–76.
Sanchez, M. P., Silos-Santiago, I., Frisen, J., He, B., Lira, S. A., and
Barbacid, M. (1996). Renal agenesis and the absence of enteric
neurons in mice lacking GDNF. Nature 382, 70–73.
Scha¨fer, K. H., and Mestres, P. (1999). The GDNF-induced neurite
outgrowth and neuronal survival in dissociated myenteric plexus
cultures of the rat small intestine decreases postnatally. Exp.
Brain Res. 125, 447–452.
Schiltz, C. A., Benjamin, J., and Epstein, M. L. (1999). Expression of
the GDNF receptors Ret and GFRalpha1 in the developing avian
enteric nervous system. J. Comp. Neurol. 414, 193–211.
Schuchardt, A., D’Agati, V., Larsson-Blomberg, L., Costantini, F.,
and Pachnis, V. (1994). Defects in the kidney and enteric nervous
system of mice lacking the tyrosine kinase receptor Ret. Nature
367, 380–383.
Shen, L., Mayeli, T., Pichel, J. G., and Westphal, H. (1998). GDNF
haplo-insufficiency in mutant mice: From constipation to intes-
tinal obstruction. Keystone Symposium C1: Enteric Nervous
System, Santa Fe, NM, Abstract 305.
Southard-Smith, E. M., Kos, L., and Pavan, W. J. (1998). Sox10
mutation disrupts neural crest development in Dom Hirsch-
sprung mouse model. Nat. Genet. 18, 60–64.
Srinivas, S., Wu, Z., Chen, C.-M., D’Agati, V., and Costantini, F.
(1999). Dominant effects of RET receptor misexpression and
ligand-independent RET signaling on ureteric bud development.
Development 126, 1375–1386.
Suvanto, P., Hiltunen, J. O., Arumae, U., Moshnyakov, M., Sariola,
H., Sainio, K., and Saarma, M. (1996). Localization of glial cell
line-derived neurotrophic factor (GDNF) mRNA in embryonic
rat by in situ hybridization. Eur. J. Neurosci. 8, 816–822.
Tang, M. J., Worley, D., Sanicola, M., and Dressler, G. R. (1998).
The RET-glial cell-derived neurotrophic factor (GDNF) pathway
stimulates migration and chemoattraction of epithelial cells.
J. Cell Biol. 142, 1337–1345.
Copyright © 2001 by Academic Press. All rightTaraviras, S., Marcos-Gutierrez, C. V., Durbec, P., Jani, H., Grigo-
riou, M., Sukumaran, M., Wang, L. C., Hynes, M., Raisman, G.,
and Pachnis, V. (1999). Signalling by the RET receptor tyrosine
kinase and its role in the development of the mammalian enteric
nervous system. Development 126, 2785–2797.
Taraviras, S., and Pachnis, V. (1999). Development of the mamma-
lian enteric nervous system. Curr. Opin. Genet. Dev. 9, 321–327.
Theiler, K. (1989). “The House Mouse: Atlas of Embryonic Devel-
opment.” Springer-Verlag, New York.
Thomas, P. Q., Brown, A., and Beddington, R. S. (1998). Hex: A
homeobox gene revealing peri-implantation asymmetry in the
mouse embryo and an early transient marker of endothelial cell
precursors. Development 125, 85–94.
Tomac, A. C., Grinberg, A., Huang, S. P., Nosrat, C., Wang, Y.,
Borlongan, C., Lin, S. Z., Chiang, Y. H., Olson, L., Westphal, H.,
and Hoffer, B. J. (2000). Glial cell line-derived neurotrophic factor
receptor alpha1 availability regulates glial cell line-derived neu-
rotrophic factor signaling: Evidence from mice carrying one or
two mutated alleles. Neuroscience 95, 1011–1023.
Treanor, J. J., Goodman, L., de Sauvage, F., Stone, D. M., Poulsen,
K. T., Beck, C. D., Gray, C., Armanini, M. P., Pollock, R. A.,
Hefti, F., Phillips, H. S., Goddard, A., Moore, M. W., Buj-Bello, A.,
Davies, A. M., Asai, N., Takahashi, M., Vandlen, R., Henderson,
C. E., and Rosenthal, A. (1996). Characterization of a multicom-
ponent receptor for GDNF. Nature 382, 80–83.
Trupp, M., Ryden, M., Jornvall, H., Funakoshi, H., Timmusk, T.,
Arenas, E., and Ibanez, C. F. (1995). Peripheral expression and
biological activities of GDNF, a new neurotrophic factor for
avian and mammalian peripheral neurons. J. Cell Biol. 130,
137–148.
Worley, D. S., Pisano, J., Choi, E. D., Walus, L., Hession, C. A.,
Cate, R. L., Sanicola, M., and Birren, S. J. (2000). Developmental
regulation of GDNF response and receptor expression in the
enteric nervous system. Development 127, 4383–4393.
Wu, J. J., Chen, J. X., Rothman, T. P., and Gershon, M. D. (1999).
Inhibition of in vitro enteric neuronal development by endothe-
lin-3: Mediation by endothelin B receptors. Development 126,
1161–1173.
Yntema, C. L., and Hammond, W. S. (1954). The origin of intrinsic
ganglia of trunk viscera from vagal neural crest in the chick
embryo. J. Comp. Neurol. 101, 515–541.
Young, H. M., Hearn, C. J., Ciampoli, D., Southwell, B. R., Brunet,
J. F., and Newgreen, D. F. (1998). A single rostrocaudal coloniza-
tion of the rodent intestine by enteric neuron precursors is
revealed by the expression of Phox2b, Ret, and p75 and by
explants grown under the kidney capsule or in organ culture.
Dev. Biol. 202, 67–84.
Young, H. M., Ciampoli, D., Hsuan, J., and Canty, A. J. (1999).
Expression of ret-, p75NTR-, Phox2a-, Phox2b-, and tyrosine
hydroxylase-immunoreactivity by undifferentiated neural crest-
derived cells and different classes of enteric neurons in the
embryonic mouse gut. Dev. Dyn. 216, 137–152.
oung, H. M., and Newgreen, D. F. (2001). Enteric neural crest-
derived cells: Origin, identification, migration and differentia-
tion. Anat. Rec. 262.
Received for publication August 10, 2000
Revised October 16, 2000
Accepted October 30, 2000
Published online December 19, 2000
s of reproduction in any form reserved.
